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ADDITIONAL VERlFICATION PROBLEMS FOR HEATING 7.2 

ABSTRACT 

First estimates of heat transfer coefficients fiom the quenches at Torrington and IITRI were 
presented on December 1, 1994, at NCMS. Some of the calculated values were negative. Several 
suggestions have been made as to the cause of this clearly physically unrealistic result. In this first 
portion of a systematic investigation of the problem, the thermal analysis code HEATING 7.2 is used 
to solve two possibly relevant demonstration problems. 

INTRODUCTION 

Problem 
During the summer of 1994, G. M. Ludtka and W. H. Elliott visited Torrington's facility in North 

Carolina and the IITRT: facility near Chicago. The purpose was to measure temperatures on the 
surface of gears and nontoothed blanks during quenching. The gears and blanks were representative 
of those designed for the Saturn automobile. At IITRI, the gears and blanks were quenched in oil 
using a batch process. At Torrington, the gears were quenched individually into a salt-filled tank 
intended for large parts. At both facilities, some of the quenches were videotaped. 

The data f?om one gear blank (blank No. 13) quenched at Torrington are the focus of the problem 
addressed by this report. After a suitable digital smoothing algorithm was developed, the smoothed 
data were used as initial and boundary conditions to calculate the surface heat flux experienced during 
the quench, 

The calculated heat fluxes were negative at some of the thermocouples for portions of the quench. 
Negative values are clearly not a physical possibility. Since the surface heat fluxes are negative, this 
analysis will concentrate on the calculation of those fluxes; the translation to surface heat transfer 
coefficients is straightforward. If the heat flux problem is identified and corrected, the heat transfer 
coefficients will also be correct. 

Sugpested Causes 
The following causes have been suggested for this problem: 

1. Analysis code errors - the heat transfer code being used for the data reduction has an error. 
2. Data biases - the data contain measurement errors, or the data are being processed incorrectly. 
3, Insufficient data - eight thermocouple readings on the surface of a [two-dimensional (2-D)] shape 

4. Inadequate thermophysical modeling - the properties are too simplified. 
are not sufficient to define the surface temperature. 

In this memo, I will examine the first of these possible reasons for the negative surface heat flux. 



DISCUSSION 

HEATING 7.2 
The analysis code used for this work is HEATING 7.2,' developed at ORNL. In 1986, a set of 

verification problems was collected and documented.2 Since then, major changes and upgrades to 
the HEATING system have been tested against those problems. Twenty-three problems were run. 
They include transient and steady-state configurations in Cartesian, cylindrical, and spherical 
coordinate systems. Problems with one, two and three space dimensions are included. In particular, 
three problems in the suite are one-dimensional (1-D) transient problems with an abrupt discontinuity 
in one surface boundary condition. These problems all possess analytic solutions. Copies of Ref 1 
and 2 will be provided on request to the writer. 

An additional test problem with abrupt boundary conditions has been run. Also, the data from two 
of the test thermocouples have been used to check HEATING 7.2 for self-consistency. In this check, 
the temperatures were used as initial and boundary conditions to calculate surface heat flux histories 
for a 1-D analog of the 2-D gear blank. In a separate calculation, the surface heat flux history from 
the first problem was used as boundary conditions for the second problem. The results of these 
studies follow. 

For this demonstration, thermal properties representative of the Swedish steel SIS 25 1 1 were used: 

k = 0.035 W/mm-"C, p = 7.9 xl0' kg/mm3, c = 600.0 Jkg-"C. 

Dependence of these properties on temperature and on the metallurgical composition was ignored. 
Similarly, latent heat release due to metallurgical phase changes was neglected. 

Test Problems 

Instantaneous Contact of Two Solids at Different Temperatures. This test problem was 
suggested by Chen~weth.~ Two semi-infinite solids initially at different temperatures are suddenly 
brought into intimate contact. The temperature and heat flux at the interface between the solids can 
be calculated analytically. The problem can also be simulated numerically. 

'Childs, K. W., HEADNG 7.2 User'sManuaI, ORNL/TM-l2262, Martin Marietta Energy 
Systems, Inc., Oak Ridge Nat. Lab., Oak Ridge, Tenn., February 1993. 

2Bxyan, C. B., K. W. Childs, and G. E. Giles, HEATING6 Verijkaiion, WCSDr'Ihl-61, 
Martin Marietta Energy Systems, Inc., Oak Ridge, Tenn., December 1986. 

3Chenoweth, Don, yisual A i d  Used at Meeiing of the Heat Transfer Boundary Condition 
Subgroup, NCMS, Ann Arbor, Mich., April 6,  1995. 
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For the test problem, the solid for x < 0 has been assigned the thermophysical properties of 
Partherm 290. The values used are: 

p = 1.653 x lo4 kg/mm3, k = 5.711 x loJ W/mm-"C, c =  1.547 x lo3 Jkg-"C.  

The initial temperature of that material is taken to be T, = 1.0. The solid for x > 0 has been 
assigned properties typical of SIS 251 1, given above, and the initial temperature T, = 2.0. According 
to Chenoweth, the solution for the interface temperature TI is constant fort > 0 and is given by 

where 

T 

r 
J. 

= 1.914, TI = T Q 

' l + R  

= 0.09382. R = 0.0.00880. 
(P c v4' 

The interface heat flux is given by 

The heat flux and temperature at the material interface is shown in Fig. 1; both the numerical and 
analytic solutions are indicated. At the scale shown, the solutions are coincident. In Fig. 2 the 
solutions are shown for times near t = 0. 

A mesh resolution study is summarized in Figs. 3 and 4. In Fig. 3, the temperature solutions at 
small times are indicated for four mesh spacings. In Fig. 4, the interface temperatures at t = 0.0100 
s and t = 0.0049 s are shown as fbnctions of the mesh spacing. The point shown for zero mesh 
spacing is the theoretical value from Eq. (1). 

Figures 5 and 6 show the behavior of temperature vs distance at various times. In Fig. 5, the 
calculated temperature is shown over the entire span of the problem (-28.35 to 28.35 mm). Figure 
6 indicates details in the vicinity of the interface (50.10 mm). The analytic solutions are dashed lines 
connecting symbols. Except at the earliest times, the numerical and theoretical solutions coincide. 
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CONTACT TEMPERATURE AND HEAT R U X  
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Fig. 1. Numerical and theoretical solutions for contact temperature and heat flux. 

VERY EARLY TIMES 
CONTACTTEMPERATURE AND HEAT FLUX 
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Fig. 2. Contact temperature and contact heat flux at early times. 
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EARLY-TIME CONTACTTEMPERATURE 
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Fig. 3. Contact temperature at early times for several mesh spacings. 

MESH RESOLUTION STUDY 
Interface Temperature @two times 
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Fig. 4. Contact temperature at 0.01 and 0.0049 s for several mesh spacings. 
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Fig. 5. Spatial temperature distribution at several times. 
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Fig. 6.  Detailed temperature distribution near the interface between the materials. 



Onedimensional analog to blank quenched in salt. The final problem is a 1-D simplification 
of the 2-D shape, which is shown in Fig. 7. The thermocouples numbered 3 and 7 are located on 
opposite surfaces of the blank, midway 
between the top and bottom flanks. Data 
recorded for thermocouples 3 and 7 during the 
experiments described above were used as 
boundary conditions to calculate the transient 
temperatures and surface heat flux during a 
simulation of the quench. The KEATING 7.2 
code was used to calculate the steady-state 
initial temperature distribution through the 
blank. 

The temperature history for thermocouple 
3 and the surface heat flux resulting from that 
input is shown in Fig. 8. For the second 
portion of the problem, the surface heat flux 
obtained from the first problem is used as a 
boundary condition. The temperature 
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Fig. 7. Thermocouple location on blank 13. 

calculated on the inner surface during the second problem (thermocouple 3) is shown in Fig. 9. 
Visually, the temperature curves shown in Figs. 8 and 9 are identical. The small difference between 
the two is also plotted in Fig. 9. For most of the quench, the error is constant at -0.00543 "C. The 
Maximum value, +0.00036 "Cy occurs at t = 0. The results for temperatures at thermocouple 7 (not 
shown) were similar. 

CONCLUSIONS 

The HEATING 7.2 thermal analysis code has been checked using a problem possessing an analytic 
solution and a problem derived by simplifying the model and data actually obtained during quenches 
in an industrial setting. 

The closed-form analytic solution is not defined at t = 0. HEATING 7.2 (and many numerical heat 
transfer codes) reacts to abrupt changes in initial or boundary conditions by smoothing them out. For 
the problem solved here, the numerical solution shows some error at small times; the error shrinks 
consistently as the mesh spacing near the material discontinuity is reduced. There is no evidence of 
pathological behavior in the results obtained using HEATING 7.2. 

The consistency check, consisting of two complementary problems, yielded quite satisfactory 
results. Temperatures from the two calculations show a maximum error of less than 6 x 10" "C. 
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ONE-DIMENSIONAL ANALOG TO BLANK QUENCHED INTO SALT 
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Fig. 8. Input temperatures and resulting surface heat flux curves for 1-D analog of blank 13. 

ONE-DIMENSIONAL ANALOO TO BLANK QUENCHED INTO SALT 

Surface Tempemtu~as Dofined by Themxxxxrples X3 and 17 

13 is midheight on the inner surface 
17 is mklhelghl on the outer surface 

strategy 
1. smoothed dale used to caiarlate heat flux 

2. calculated heat flux used to 
calcohte surface temperatures 
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Fig. 9. Calculated temperatures and errors (relative to input temperatures) for consistency test of 
HEATING 7.2. 
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Altogether, the results of this study show no anomalous behavior in the thermal analysis code 
HEATING 7.2. 
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